Increasing evidence suggests that cytokines may play a role in ovarian processes. The purpose of this study was to determine if interleukin-1 (IL-1) could modulate rabbit pre-ovulatory follicular function and to explore cellular sites of IL-1 biosynthesis in rabbit follicles. Development of rabbit pre-ovulatory follicles was induced by 200 mIU equine chorionic gonadotropin daily for 2 days. Seventy-two hours after the last injection, ovaries were excised and granulosa and theca cells isolated. The two types of cell were pre-incubated for 24 h in Minimum Essential Medium (MEM) with 5% fetal calf serum (FCS), and then incubated for 24 h in MEM with 2.5% FCS with appropriate stimulants. Results showed that rabbit granulosa and theca cell culture supernatants contain IL-1 bioactivity and that this bioactivity was diminished by gonadotropins, FSH and human chorionic gonadotropin, in a dose-dependent manner. Low doses of IL-1 (1 ng/ml) inhibited gonadotropin-induced progesterone production in both cell types and at the same time increased cell numbers. A study of the mechanism of IL-1 action demonstrated that it affects cAMP generation, and also steps distal to cAMP formation. We conclude that in our model gonadotropins, by inhibiting IL-1 production, could control IL-1 modulation of gonadotropin action on steroidogenesis.
Introduction
There is now evidence that gonadotropin regulation of granulosa and theca cell differentiation is modulated by intraovarian non-steroidal regulators including cytokines. The interleukin-1 (IL-1) family, among a growing number of cytokines, plays an important role in communication between immune and endocrine systems (1) .
In the ovary, immunoreactive IL-1-like activity has been identified in follicular fluid of human (2, 3) and porcine pre-ovulatory follicles (4) . It is likely that macrophages act as a source of intraovarian IL-1 (5) . On the other hand, it has been reported that in the rat theca-interstitial cells are sites of IL-1b gene expression (5) , and that cultured human granulosa cells produce IL-1b (6, 7) .
Although the relevance of IL-1 to ovarian physiology remains uncertain, several lines of evidence support such a role. IL-1b has been shown to promote several ovarian events associated with ovulation, including biosynthesis of prostaglandins, plasminogen activator and proteoglycans (8) . In perfused rat (9, 10) and rabbit (11) ovaries, treatment with IL-1b was found to increase ovulation rate.
IL-1 has also been found to affect in vitro granulosa cell steroidogenesis. In granulosa cells IL-1a and IL-1b have been shown to suppress follicle-stimulating hormone (FSH)-induced progesterone secretion in the rat (12) , and estradiol synthesis in the pig (13) , and also the development of luteinizing hormone receptors (13, 14) . In human granulosa cells Sjôgren et al. (15) reported a stimulatory effect of IL-1 on steroidogenesis, and Barak et al. (16) observed no effect of IL-1 on progesterone production. In granulosa cells co-cultured with white blood cells, IL-1 inhibited human chorionic gonadotropin (hCG)-stimulated progesterone synthesis (17) . If the involvement of IL-1 in granulosa steroidogenesis is well documented, reports on IL-1 effects on theca steroidogenesis are scarce. Only a stimulatory effect of IL-1a on progesterone synthesis was described in the thecal layer of incubated hamster pre-ovulatory follicles (18) .
In addition to the effects on steroidogenesis, it has been demonstrated by Fukuoka et al. (19) that IL-1 can stimulate the growth of porcine granulosa cells.
The aim of the present study, using the hyperstimulated rabbit ovary, was to investigate IL-1 in vitro production by granulosa and theca cells, which can be efficiently separated in this species, and to assess in vitro the regulatory role of IL-1 on cell number and progesterone production.
Materials and methods

Animals
For this study, we used HY white female rabbits, 12-15 weeks old. The development of follicles was induced by intramuscular injection of 200 IU equine chorionic gonadotropin (eCG) (Chrono Gest, Intervet, Angers, France) daily for 2 days. The rabbits were killed by intracardiac injection of 2 ml T61 (Distrivet, Paris, France) 72 h after the last injection of eCG. The ovaries were excised, placed in culture medium, and the follicles dissected out and cleared of interstitial tissue stereomicroscopically.
For the comitogenic thymocyte assay, we used OF1 white female mice 8-12 weeks old. They were killed with chloroform and the thymus glands were excised.
Cell preparation
Dispersed granulosa and theca cells were obtained as described previously (20) . Briefly, follicles were cut in half in Minimum Essential Medium (MEM) with 0.1% BSA (MEM-BSA) (Eurobio, Les Ulis, France) containing 20 mmol/l Hepes, 50 IU/ml penicillin, 50 mg/ml streptomycin, and 6.8 mmol/l EGTA (Sigma Chimie, La Verpillière, France) for 15 min. The released granulosa cells and g and resuspended in MEM-BSA containing 0.5 mol/l sucrose and 1.8 mmol/l EGTA for 5 min before being centrifuged again for 10 min at 150 g. Granulosa cells were then gently scraped away from the theca with a microspatula under a dissecting microscope. The dispersed granulosa cells were pelleted by centrifugation at 150 g, subjected to mechanical dissociation, washed twice in MEM-BSA, and suspended in MEM supplemented with 5% fetal calf serum (FCS).
To eliminate the last granulosa cells still attached to theca, pieces of thecal layers were placed in MEM containing 0.1% collagenase (type II, Sigma) and 0.1% hyaluronidase (type II, Sigma) for 10 min at 37 ЊC. After a short centrifugation (600 g, 30 s), the thecal pieces were gently dissociated in MEM containing 0.2% hyaluronidase and 0.1% protease (type XIV, Sigma) for 10 min at 37 ЊC. After enzymatic dissociation, theca cells were washed three times in MEM-BSA, and suspended in MEM-5% FCS.
Granulosa and theca cells culture
Granulosa and theca cells were pre-incubated 24 h at 37 ЊC in 5% CO 2 -95% air, in a total volume of 0.5 ml MEM-5% FCS, in Costar 48-well tissue culture plates, at different cellular concentrations: 10 5 cells/well for the study of progesterone production, for cAMP accumulation or cell number determination, and 2.5 × 10 5 cells/well for measurement of IL-1 activity. Supernatants were removed and cells were incubated at 37 ЊC in MEM-2.5% FCS containing the appropriate stimulants, with or without interleukins. Purified ovine FSH (USDA-o-FSH 18, 1640 IU/mg) was from NIDDK, Bethesda, MD, USA; hCG (Pregnyl) from Organon, Serifontaine, France; dibutyryl cAMP (Db-cAMP), forskolin and cholera toxin, from Sigma; and human recombinant IL-1a (50 IU/ng) and b (50 IU/ng) from Boehringer Mahnneim, Meylan, France. After 24 h culture, cell-free supernatants were collected and frozen until progesterone and IL-1 bioactivity assays. Cell layers were used to determine cell numbers.
Progesterone production
Progesterone levels were directly measured in granulosa cell or theca cell media by RIA using antiprogesterone antibody supplied by the Fondation de Recherche en Hormonologie, France.
cAMP assay
At the end of the 24 h culture, granulosa cells and combined media were frozen at ¹20 ЊC for 1 day and treated with ethanol (1/5 v/v) for 24 h at 4 ЊC according to Schumacher et al. (21) . cAMP levels were measured with a cAMP RIA kit (Sorin, Anthony, France).
Cell number determination
Granulosa and theca cell numbers were estimated colorimetrically using the method of Mosmann (22) and Best et al. (23) after conversion by their mitochondria of a tetrazolium salt (XTT, Sigma) into its formazan product. Briefly, at the end of the 24 h culture period, supernatants were removed and granulosa or theca cells were incubated in serum-free MEM with XTT (0.25 mg/ml) and phenazine methosulfate (1.9 mg/ml) for 3 h. The production of formazan by the cells was quantified by measuring absorbance at 570 nm with a multiwell ELISA reader.
Comitogenic thymocyte assay
IL-1 activity was determined by the capacity of granulosa and theca cell supernatants to enhance the proliferative effect of phytohemagglutinin (PHA, Difco, Detroit, USA) on mouse thymocytes (24) . Single cell suspensions of thymocytes were prepared by gently pressing the mouse thymus through a cell strainer (70 mm nylon, Becton Dickinson, New Jersey, USA) into RPMI 1640 medium (Eurobio). Cells were washed once and resuspended in RPMI-10% FCS, antibiotics, 1 mg/ ml PHA and 2.5 × 10 ¹5 mol/l 2-mercaptoethanol. Thymocytes were cultured for 72 h at 5 × 10 5 cells/ml in the presence of 50 ml RPMI containing increasing concentration of IL-1b (1-1000 pg/ml) or 50 ml granulosa or theca cell-free supernatant. RPMI (50 ml) containing XTT (0.25 mg/ml) and phenazine methosulfate (1.9 mg/ml) was added for the final 12 h of incubation. Cell numbers were estimated by measuring absorbance at 570 nm with a multiwell ELISA reader.
Statistics
Data represent the mean Ϯ S.E.M. of at least two experiments performed in triplicate. One rabbit was used for each experiment. Results of progesterone and cAMP assays and cell number determination were expressed as percent change compared with controls run in parallel. Statistical differences between treatment groups were assessed by one-way ANOVA, followed by Fisher's test, and considered significant at P < 0:05.
Results
Inhibition by gonadotropins of IL-1 biological activity in granulosa and theca cells
After determining that medium supplemented with FCS did not contain measurable amounts of IL-1, biological activity was assayed in granulosa and theca cell culture medium. As shown in Fig. 1 , IL-1 bioactivity was detected for both types of cell. Without gonadotropins, theca IL-1 bioactivity was 2-fold greater (27 pg/ml secreted by 2.5 × 10 5 cells) than granulosa IL-1 bioactivity (11 pg/ml per 2.5 × 10 5 cells). IL-1 production by granulosa or theca cells was inhibited by gonadotropins in a dose-dependent manner.
IL-1 stimulation of granulosa and theca cell number
When granulosa cells were incubated with 1 ng/ml FSH in the presence of increasing doses of IL-1b (1-25 ng/ ml), cell numbers were statistically enhanced for the highest doses of IL-1b ( Fig. 2A) . A dose-dependent effect of IL-1b (1-25 ng/ml) was observed with theca cells cultured in the presence of 10 mIU/ml of hCG (Fig. 2B) .
Effect of IL-1 on gonadotropin-induced progesterone secretion and cAMP accumulation in cultured granulosa and theca cells
Basal progesterone secreted by granulosa (Fig. 3) or theca cells in the absence of gonadotropins was not modified by the presence of IL-1b or IL-1a (1 ng/ml). Exposure of granulosa cells for 24 h to increasing doses of FSH (0.5-5 ng/ml) stimulated progesterone secretion in a dose-dependent manner. The addition of 1 ng/ml IL1b or IL-1a slightly decreased progesterone secretion induced by 0.5 or 1 ng/ml FSH but did not change the response to 5 ng/ml (Fig. 3) . So, 1 ng/ml FSH was the dose used in the course of our study. As shown in Fig. 3 , there was no significant difference between responses induced by IL-1a or IL-1b.
As shown in Fig. 4A , various doses of IL-1b (0.5-10 ng/ml) inhibited in a dose-dependent manner FSHstimulated progesterone secretion in granulosa cells. Treatment of theca cells with 10 mIU/ml hCG alone for 24 h resulted in a 6.5-fold increase in basal progesterone secretion (Fig. 4B ). Concomitant treatment with IL-1b (1 ng/ml) caused 30% inhibition of hCG-stimulated progesterone production. The same results were obtained with IL-1a in place of IL-1b (data not shown). Therefore only IL-1b was used in this study.
In granulosa cells, since IL-1 reduced FSH-induced progesterone secretion, it was of interest to determine if IL-1 inhibited this process by interacting in some fashion with adenylate cyclase. So, accumulation of cAMP was studied. Although the dose of 1 ng/ml FSH was able to stimulate progesterone production (Figs 3 or 4A), this concentration did not enhance granulosa cell cAMP accumulation compared with the control and no alteration of cAMP level in the presence of IL-1b was observed (Fig. 5 ). In the presence of an optimal dose (100 mmol/l) of 3-isobutyl methylxanthine (IBMX, Sigma, L'Isle d'Abeau, France), an inhibitor of phosphodiesterase activity, a 4.7-fold increase of basal cAMP level was observed. The addition of 1 ng/ml FSH with or without IL-1b did not statistically significantly modify cAMP accumulation (Fig. 5) . However, it should be noted that in the presence of IBMX, IL-1b induced an increase of 37% in FSH-stimulated progesterone secretion (Fig. 6 , P < 0:001).
When theca cells were cultured in the presence of IBMX (100 mmol/l), IL-1b did not inhibit hCG-induced steroidogenesis (Fig. 7) .
Effect of IL-1 on granulosa and theca cells treated with Db-cAMP and adenylate cyclase stimulating agents
Granulosa cells were incubated with Db-cAMP to determine if IL-1b inhibition of progesterone secretion occurred downstream or upstream on adenylate cyclase. In contrast to the inhibitory effect of IL-1b on FSH-induced progesterone secretion, an increase in Db-cAMP-stimulated steroidogenesis was obtained in the presence of IL-1b (Fig. 8A ). For 0.1 mmol/l Db-cAMP, IL-1b (1 ng/ml) caused a significant 2-fold stimulation (P<0.05) of progesterone production. At the doses higher than 0.1 mmol/l Db-cAMP, no significant effect of IL-1b was observed.
In theca cells (Fig. 8B) , IL-1b (1 ng/ml) also caused a decrease of Db-cAMP stimulated-progesterone secretion.
An agent that stimulates adenylate cyclase, namely forskolin, was tested on granulosa cells to determine if IL-1b inhibited progesterone secretion by acting on adenylate cyclase. When progesterone production was induced by a low dose of forskolin (0.25 mg/ml), IL-1b (1 ng/ml) enhanced this production but the effect was not statistically significant (Fig. 9) . The variability of the stimulation of progesterone synthesis by forskolin explains the large S.E.M. and the absence of a significant effect in spite of a stimulation of 40%. However, IL-1b enhanced significantly forskolin-induced progesterone synthesis in the three experiments (44%, P < 0:001; 32%, P < 0:01; and 24%, P < 0:01). In the presence of high doses of forskolin, IL-1b did not exert any effect on progesterone production (data not shown). In contrast to the effect of forskolin, when progesterone production was stimulated by a low dose of cholera toxin, which locks the G protein in the active form, IL-1b was ineffective (Fig. 9) .
In theca cells, IL-1b significantly inhibited progesterone secretion induced by forskolin (25%, P < 0:001) but not by cholera toxin (Fig. 10) .
Discussion
The results of this study in rabbit ovary, present clear evidence confirming the ability of IL-1 to inhibit the differentiation process induced by gonadotropins. In vivo, IL-1 may act as a paracrine or autocrine regulator of steroidogenesis since we observed that granulosa and theca cells produced measurable amounts of IL-1.
In vitro, we have shown for the first time that production of IL-1 by granulosa and theca cells could be inhibited by gonadotropins in a dose-dependent manner. Immunoactive IL-1 has already been detected in cultures of human granulosa cells (7), thecal layers and stroma (25) . IL-1 gene expression has been reported in rat theca cells (5) 
cells (6, 7). Moreover, Hurwitz et al. (5) observed, in vivo,
an increase in IL-1b transcripts in rat theca-interstitial cells but not in granulosa cells after hCG injection. The capacity to produce IL-1 is common also to other cell types, such as lymphocytes or macrophages. Although macrophages were not removed from our cell preparations it is unlikely that local IL-1 production could be attributed to these cells. In the pre-ovulatory ovary from different species, white blood cells are located in the medulla or theca layer, but are not usually detectable in granulosa until ovulation (26, 27) . Our study was carried out on rabbit pre-ovulatory follicles. So, we can assume that white blood cells were not present in our granulosa cell cultures. Our model allowed us to obtain pure theca cells, cleared of other ovarian cell types (28), but we can assume that a small proportion of white blood cells were still present in theca cell cultures. However, lymphocytes do not adhere to culture dishes and thus are likely to have been removed at the end of the 24 h pre-incubation. In contrast, macrophages adhere to culture plates, but are known to undergo apoptosis within 24 h when placed in culture in the absence of supporting cytokines (29) . Moreover, in vitro treatment of macrophages with either FSH or hCG is without effect on IL-1b gene expression (5), whereas in our experiments IL-1 production by rabbit ovarian cells was modulated by gonadotropins. Taken together these observations seem to exclude the possibility that the IL-1 activity detected in culture supernatants in our study originated from white blood cells.
IL-1 had no effect on basal progesterone production in rabbit ovarian cells cultured for 24 h, as observed in theca layer of hamster pre-ovulatory follicles (18) and in rat theca-interstitial cells (5) . When progesterone secretion was stimulated by physiological doses of gonadotropins, we observed an inhibition of its production by both IL-1a and IL-1b on the two types of follicular cells. IL-1 did not exert its inhibition through cytotoxic or antiproliferative effects on ovarian cells since we observed a granulosa and theca cell number enhancement. In our study rabbit ovarian cells were highly sensitive to IL-1 in vitro. The IL-1 effects were observed only with low doses of IL-1 on steroidogenesis induced by low doses of gonadotropins, unlike reports on rat or porcine granulosa cells where high doses of IL-1 modulated steroidogenesis induced by a maximal dose of FSH (13, 30) . In granulosa cells, our results are in agreement with most studies (13, (31) (32) (33) , which reported that IL-1 acts in an inhibitory way. They confirm the ability of IL-1 to inhibit the differentiation process induced by FSH. In fact, the ability of IL-1 to inhibit granulosa cell differentiation is in keeping with its ability to promote an increase in granulosa cell number.
In rabbit granulosa cells IL-1, which reduced progesterone secretion induced by FSH, unexpectedly increased progesterone levels stimulated by Db-cAMP or forskolin. IL-1 could induce a post-cAMP step stimulatory effect associated with a pre-cAMP step inhibitory effect. This latter effect is apparently predominant, since in the presence of FSH only the inhibitory effect was observed. Similar results were reported in rat granulosa cells by Gottschall et al. (14) , whereas recently Santana et al. (34) described an inhibitory effect both proximal and distal to cAMP generation. In the present study, the effect of IL-1 on FSH-induced cAMP production was evaluated. In granulosa cells stimulated with 1 ng/ml FSH, no increase in cAMP accumulation was measured. This could have been due to degradation of the nucleotide but, in the presence of IBMX, which interacts with phosphodiesterase and prevents cAMP degradation, the same result was obtained. This apparent discordance, between steroid synthesis and cAMP level, has been reported largely in the past (35) . It seems that the lack of assay sensitivity could explain the inability to measure small increments in cAMP production sufficient to lead to a large increase in steroid synthesis. In rat (30) and porcine (13) effect of IL-1 on FSH-stimulated cAMP accumulation was reported, but the authors used high doses of FSH which strongly stimulated cAMP production. In the presence of cholera toxin, we observed neither the IL-1 inhibitory effect on progesterone production nor the stimulatory IL-1 effect which occurred at a post-cAMP step. This result demonstrates that the inhibitory effect of IL-1 on pre-cAMP steps was decreased in the presence of cholera toxin, suggesting that IL-1 prevents in part the activation of adenylate cyclase by a G protein. This latter hypothesis is supported by a recent report showing that IL-1 receptor is a transmembrane GTPase (36) . In granulosa cells, in the presence of IBMX, IL-1 stimulated FSH-induced progesterone production. This result suggests that, in the presence of IBMX, the cAMP pool was increased to such a point that the inhibitory effect on the cAMP synthesis was overcome by the stimulatory effect of IL-1 at a post-cAMP step.
In the hamster, IL-1a stimulated in vitro hCG-induced progesterone production in theca but only in atretic preovulatory follicles (18) , while in our rabbit theca cells we observed an inhibitory effect of IL-1a and IL-1b on hCG-stimulated steroidogenesis. Moreover, our results indicate that, in contrast to granulosa cells, IL-1 exerted an inhibitory effect at a post-cAMP step. We found no explanation for the fact that in the presence of cholera toxin or IBMX, IL-1 did not affect progesterone production in these cells.
In summary, our results demonstrated an inhibition by IL-1 of gonadotropin-induced steroidogenesis in both granulosa and theca cells from the rabbit. Surprisingly the mechanism of this IL-1 action did not seem to be identical in the two cell types, since IL-1 inhibited a post-cAMP step in theca cells whereas this cytokine stimulated it in granulosa cells.
Hence the ability of IL-1 to promote rabbit granulosa and theca cell numbers seems to be associated with its ability to inhibit differentiation. The relationship between growth and differentiation has been a matter of great concern in cell biology. Hence, IL-1 might be a factor that induces dedifferentiation and stimulates cell growth (19) .
In biological systems, agents which induce positive signals sometimes control, at the same time, their negative modulation. In line with this view, gonadotropins, by inhibiting IL-1 production in our model, could partly control an inhibitory signal of their own action on ovarian steroidogenesis.
